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Objective
• The objective to identify lithium-ion electrolytes, which will lead to Li-ion 

cells with a wide operational temperature range (+60 to –60oC),  
• Develop Li-ion electrolytes which result in cells that display improved high 

 ili    

Identify capacity fade and impedance growth mechanisms of lithium-ion cells subjected to 

Approach
temperature resilience.   

Identify capacity fade and impedance growth mechanisms of lithium ion cells subjected to 
high temperature storage and cycling. 

Develop multi-component electrolyte solutions incorporating the addition of promising 
electrolyte additives which are targeted at improving the robustness of the electrode 
surface films (SEI promoters) and improving the inherent thermal stability of the 
l t l t  (th l t bili i  t )  electrolytes (thermal stabilizing agents). 
Evaluate candidate electrolyte formulations in experimental lithium-ion cells (i.e., MCMB–

LiNixCo1-xO2 with lithium metal reference electrodes) in terms of their electrical and 
electrochemical properties

Determine the influence of electrolyte type upon the degradation mechanisms of the y yp p g
experimental lithium-ion cells after being subjected to high temperature, by performing 
periodic electrochemical analysis.

Perform ex-situ analysis of electrode sample retrieved from cells after high temperature 
exposure (Univ. of Rhode Island activity). 
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High Temperature Resilient Li-Ion Electrolytes
Electrolyte Development: Approach/BackgroundElectrolyte Development: Approach/Background

• Effect of high temperature exposure on Li-ion cells
• High temperature exposure is known to lead to irreversible capacity loss and 

impedance growth  especially at temperatures > 40oC  impedance growth, especially at temperatures > 40 C. 
• The performance losses are more dramatic when the cells are maintained at high 

SOC and/or cycled to high potential.
• Potential degradation modes at high temperatures

• The formation of resistive surface films on the carbon anodes, indirectly due to 
the decomposition of the electrolyte. 

• Increase in cathode impedance and decrease in cathode Li+ kinetics, due to loss 
of inter-particle connection and possibly formation of surface films.p p y

• Thermal and/or electrochemical decomposition of electrolyte.
• Relative contribution of potential degradation modes chemistry dependant.   

• Potential mitigation strategies
• Operational protocols (i e  limiting the SOC at high temperature)• Operational protocols (i.e., limiting the SOC at high temperature).
• Modifying electrode chemistries.   
• Modifying electrolyte composition:

• Use of thermally stable electrolyte salts
• Use of electrolyte additives to stabilize LiPF -based solutions
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• Use of electrolyte additives to stabilize LiPF6-based solutions



High Temperature Resilient Li-Ion Electrolytes
Background - Proposed Mechanism of Thermal Decomposition
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electrolyte is intended to complex the reactive PF5 Lewis acid generated above. 



High Temperature Resilient Li-Ion Electrolytes
ApproachApproach

The following electrolyte additives were investigated to (a) improve the thermal stability of 
the electrolyte itself and to (b) produce desirable protective surface films on the anode (and 

the cathode) to enhace the high temperature resilience. 

Additives targeted at forming 
robust, protective SEI layers on 

the electrode surfaces

Additives envisioned to 
complex with the Lewis 

acidic PF5 species liberated the electrode surfaces
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Experimental MCMB-LiNi0.8Co0.2O2 Carbon Cells

Electrolytes Selected for Evaluation in Experimental Cells

1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) (Baseline)
1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 1 % DMAc
1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 3 % DMAc
1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 10 % DMAc
1.0 M LiPF6 EC+DEC+DMC (1:1:1 v/v %) + 3 % NMP1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 3 % NMP
1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 1.5 % VC
1.0 M LiPF6 EC+DEC+DMC  (1:1:1 v/v %) + 1.5 % VEC

•MCMB Carbon-LiNiCoO2 Cells
• 400-450  mAh Size Cells
• All Cells equipped psuedo Li metal reference electrodes

Techniques Used to Study the Performance Characteristics
•  Charge/discharge behavior at various temperatures

  s qu pp  psu o L  m ta  r f r nc  ctro s
• Flooded electrolyte design (cylindrical cells)
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•  Electrochemical  Impedance Spectroscopy  (EIS)
•  DC Polarization Techniques



Experimental lithium-ion cells (MCMB-LiNiCoO ) fabricated with low
Formation Cycling at Room Temperature 

Experimental lithium-ion cells (MCMB-LiNiCoO2) fabricated with low 
temperature electrolytes containing various additives. 

Initial formation of cells containing electrolytes with the various additives displayed comparable 
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behavior to the baseline cells, with minimal increase in the irreversible capacity.



Performance of High Temperature Resilient Li-Ion Electrolytes
Summary of Discharge Performance After High Temperature StorageSummary of Discharge Performance After High Temperature Storage

• As shown in the table above improved high temperature resilience was obtained with electrolytes
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• As shown in the table above, improved high temperature resilience was obtained with electrolytes 
containing  DMAc compared to the baseline formulation. 



Summary of Discharge Performance After High Temperature Storage
Performance of High Temperature Resilient Li-Ion Electrolytes
Summary of Discharge Performance After High Temperature Storage

• As shown in the table above, improved high temperature resilience was obtained with all of the
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As shown in the table above, improved high temperature resilience was obtained with all of the 
additional additives investigated (NMP, VC, and VEC), with VC displaying the best performance. 



Results of High Temperature Storage Testing (55oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes
Results of High Temperature Storage Testing (55 C Exposure)

Electrolytes with 1 % DMAc, 3 % NMP, and 1.5 %VC out-preformed the baseline 
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electrolyte when subjected to 10 days of storage at 55oC.



Results of High Temperature Storage Testing (60oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes
Results of High Temperature Storage Testing (60 C Exposure)

Th  ll t i i  th  l t l t  ith 1 % DMA  di l d i  f
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The cell containing the electrolyte with 1 % DMAc displayed superior performance
after being subjected to 10 days storage at 60oC (20 days total storage time). 



Results of High Temperature Storage Testing (65oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes
Results of High Temperature Storage Testing (65 C Exposure)

The cell containing the electrolyte with 1 % DMAc and 1.5 % VC displayed superior 
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g y p y p
performance after being subjected to 10 days storage at 65oC (30 days total storage time). 



Tafel Polarization Measurements of MCMB and LiNiCoO2 Electrodes
Effect of Electrolyte upon Polarization at Different TemperaturesEffect of Electrolyte upon Polarization at Different Temperatures

• Tafel polarization measurements allow 
further insight into the kinetics of lithium 
intercalation/de-intercalation on MCMB
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electrode after being subjected to high 
temperature storage. 



Tafel Polarization Measurements Prior to High Temperature Storage
Performance of High Temperature Resilient Li-Ion Electrolytes

Anode Measurements at 23oCCathode Measurements at 23oC

g p g
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The cell with the baseline electrolyte, 1.0 M LiPF6 EC+DEC+DMC (1:1:1), exhibited the highest limiting 
current densities on MCMB electrodes prior to high temperature storage testing.

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % VC electrolyte exhibited the highest limiting 
current densities on LiNixCo1-xO2 prior to high temperature storage testing.
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Results of High Temperature Storage Testing (After 65oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes

Anode Measurements at 23oCCathode Measurements at 23oC

Results of High Temperature Storage Testing (After 65 C Exposure)
Tafel Polarization Measurements

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % DMAc electrolyte exhibited the highest 
limiting current densities on MCMB electrodes after being subjected to storage at 65oC.

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % VC electrolyte exhibited the highest limiting 
current densities on LiNixCo1-xO2 electrodes after being subjected to storage at 65oC.

Measurements after 65oC storage test (10 days)
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Measurements after 65 C storage test (10 days)
(total high temperature storage time = 30 days).



Results of High Temperature Storage Testing (After 65oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes

Anode Measurements at 23oCCathode Measurements at 23oC

Results of High Temperature Storage Testing (After 65 C Exposure)
Tafel Polarization Measurements

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % DMAc electrolyte exhibited the highest 
limiting current densities on MCMB electrodes after being subjected to storage at 65oC.

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % VC electrolyte exhibited the highest limiting 
current densities on LiNixCo1-xO2 electrodes after being subjected to storage at 65oC.

Si il t d hibit d t 20oC
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Similar trends were exhibited at -20oC. 



Results of High Temperature Storage Testing (After 65oC Exposure)
Performance of High Temperature Resilient Li-Ion Electrolytes

Results of High Temperature Storage Testing (After 65 C Exposure)
Tafel Polarization Measurements

Electrolyte = 1.0 M LiPF6 in 
EC+DEC+DMC (1 1 1) + 1 % DMA

Electrolyte = 1.0 M LiPF6 in 
EC+DEC+DMC (1 1 1) (B li ) EC+DEC+DMC (1:1:1) + 1 % DMAcEC+DEC+DMC (1:1:1) (Baseline)

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % DMAc electrolyte exhibited the highest 
limiting current densities on MCMB electrodes after being subjected to storage at 65oC.

The cell with the 1.0 M LiPF6 EC+DEC+DMC (1:1:1) + 1.5 % VC electrolyte exhibited the highest limiting 
d i i LiNi C O l d f b i bj d 65 C
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current densities on LiNixCo1-xO2 electrodes after being subjected to storage at 65oC.



EIS Measurements of MCMB-LiNiCoO2 Experimental Cells
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EIS Measurements Prior to High Temperature Storage
Performance of High Temperature Resilient Li-Ion Electrolytes
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observed for both anode and cathodes were 
determined as a function of storage period.

RlfRhf



d  M   23 CC th d  M t  t 23oC
EIS Measurements After 65oC Exposure

Performance of High Temperature Resilient Electrolytes

Anode Measurements at 23oCCathode Measurements at 23oC
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EIS Measurements After High Temperature Exposure
Performance of High Temperature Resilient Electrolytes

Anode Measurements at 23oC

The cells containing 1.5% VC and 1% DMAc added to the electrolyte displayed the lowest 
film and charge transfer resistances, suggesting that they have a beneficial effect in 
preserving the desirable SEI films on the anode surface, whether by directly being 

incorporated into the SEI (VC) or by preventing decomposition reaction products from 
i i f ( A )
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depositing upon the surface (DMAc).



SUMMARY and CONCLUSIONS
• High Temperature Resilience of Li-ion electrolytes

– It was determined that cells containing electrolytes when compared in terms of the 
extent of capacity retention observed, the following trend was seen (in decreasing 
capacity delivered at a ~ C/16 rate at 20oC): Ternary + 3 % DMAc  > Ternary + 1 % 
DMAc > Ternary + 1.5 % VC  > Ternary + 1.5 % VEC > Ternary + 3 % NMP > 1.0M 
LiPF6 EC+DEC+DMC (1:1:1)  (baseline).

– The degradation of the anode kinetics was slowed most dramatically by the g f y y
incorporation of DMAc into the electrolytes 

– The greatest retention in the cathode kinetics was observed in the cell containing the 
electrolyte with VC added. 
Studies are also focused upon determining the high temperature resilience of these– Studies are also focused upon determining the high temperature resilience of these 
solutions in relation to the all carbonate-based mixtures. 

• Future Work
– Studies are currently focused upon determining the high temperature resilience of 

cells containing electrolytes with different solvent mixtures containing these additives. 
– Additional effort is being devoted to identifying other promising electrolyte additives. 
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